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FOREWORD
This Data Dump Report on the Combustion Performanceand Heat Transfer
Characterizationof LOX/HydrocarbonType PropellantsProgram is being submitted _
as per the requirementsof Contract NAS 9-15958. The work for this program is
being performed by the Ae_ojet Liquid Rocket Company (ALRC) for the NASA -
Lyndon B. Johnson Space Center. The contract period of performanceis 24
September 1979 through 24 January 1981.
This report consists of a comprehensivesummary and data dump of the
Task I effort, RegenerativeCoolinq Characterization.
The NASA/JSC Project Manager is Mr. M. F. Lausten. The ALRC Program
Manager is Mr. J. W. Salmon, and the Project Engineer is Mr. R. S. Gross.
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I. INTRODUCTION
Spacecraftorbit maneuveringand attitude control propulsionsystems
have almost exclusivelyutilized earth-storablehypergolicpropellants.
These typicallypressure-fedsystems are very simple and reliable. However,
the propellantsar_.toxic and corrosive. The hydrazine type fuels are also
very expensive,and health hazards associatedwith their productionhave
been identified. Preliminarystudies indicate that LOX/HC (Hydrocarbon)
type propellantsare the best altern.ativesfor all but the very high energy
missions (transferfrom low to geosynchronousearth orbits) since these
require the high specific impulse LOX/Hydrogenpropellantcombination. It
is recognizedthat increasesin system complexityare unavoidablewith the
cryogenicLOX/Hydrocarbonand LOX/Hydrogenpropellantcombinations.
Studies have shown that two of themajor keys to achieving low space
transportationcosts are minimizingengine developmentand operationalcosts.
Consequently,major reductionsin future space transportationcosts will
have to be achievedwith highly _'eusab!esystems requiringa minimum of
maintenanceand utilizing low-cost propellants.
The present data base for the LOX/HC propellantsis inadequateas
a basis for selection of the most suitable technologyand fuel(s) for
spacecraftauxiliarypropulsionsystems. The objectiveof this program is
to establisha sound data base by analyticallyand experimentallygenerating
basic regenerativecooling, combustionperformance,combustionstability,
w
and combustionchamber heat transfer parametersfor promisingLOX/HC
propellants,with specificapplicationto "second generation"orbit maneuver-
ing and reactioncontrol systems (OMS/RCS)for the Space Shuttle Orbiter.
i 1
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Introduction{cont.)
The technicaleffort for this program is being conducted in t_,o
major tasks:
Task I, RegenerativeCooling Characterization,consistsof a cooling
comparisonstudy of candidate fuels, togetherwith an experimentalheated
tube study of their heat transfer characteristics.
Task II, Subscale Injector Characterization,consists of the design,
fabrication,and testingof subscale hardware in which the combustioncharacter-
istics of LOX/HC propellantcombinationswill be evaluated.
The Program Scheduleis shown in the milepost chart of Figure I-l.
The objectiveof this report is to provide a comprehensivesunBary of
the data generated during the Task I effort. This report is divided into
the followingprincipalsections: Section I, Introduction;Section II,
Task I.l - Cooling Correlationand Comparison;Section Ill, "rask1.2 - Heated
Tube Testing and Data Correlation;and Section IV, Task I - Conclusionsand
Recommendations.
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II. TASK I.l - COOLING CORRELATIONAND COMPARISON
A. OBJECTIVESAND SUMMARY
The objectivesof the Task I.l cooling correlationand comparison
effort were as follows: (1) corduct a literaturereview of the cooling
characteristicsof propane,methane, RP-I, and ammonia; (2) conduct an
analyticalparametricstudy of these fuels as thrust chamber coolants for
a thrust range of l,O00 to lO,O00 IbF at lO0 to lO00 psia chamber pressures;
(3) submit recommendations_or coolant capabilities;and (4) specify operating
conditionsfor which resistance-heatedtube testing is required to provide
needed informationor verificationof existing correlations.
?
As illustratedin Figure II-l, the cooling regimes studied fall
into the followingbroad categories: (1) supercriticalpressure forced
convection;(2) subcritlcalpressure,superheatedvapor forced convection;
and (3) subcriticalsubcooled forced convectionand nucleate boiling.
Extensiveanalyses in each of the categorieswere performed for propane.
The evaluationof methane was limited to single-phaseheat transferat super-
critical pressuresand as a superheatedvapor at subcriticalpressures.
Boiling heat transferwas not considereddue to the little subcoolingavail-
able. RP-I was evaluatedat supercriticalpressuresand as a subcritical
liquid in forced convectionwith possi_le nucleate boiling. The high
criticalpressure of ammonia limiteGconsiderationto the superheated
vapor state and to forced convectionnucleate boiling regimes. All analyses
were performed using the ALRC SCALER and BOSCALE programs.
The cooling capabi|ityof the four fuels was compared in a
single up-pass zirconiumcopper thrust chamberwith nickel closeout.
Additionalanalyses for ammoniawere conducted in a 304L stainless steel
I chamber since a copper/ammoniareactionwould prohibit the use of a copper
thrust chamber in practice. The analvsesconducted in the 304L SS chamber
1
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.II, A, Objectivesand Summary (cont.)
were inconclusivebecause a solution convergenceproblem was encounteredin
each test case. Inspectionof the data indicatedan adverse cooling fin
flux transformationresultingin substantialj higher fluxes on the coolant-
side than on the gas-side. After several channel design iterationshad
failed to improve the flux transformation,ammonia cooling in the 304 SS
chamberwas no longer pursued.
The cooling capabilityof the four fuels in the Zr-Cu chamber
over the study ranges of thrust and chamber pressurewa_ also founa to be
sensitiveto channel design. Several differentchan_el layoutswere used
to best accommodatethe differen_operating and cooling regimes.
• Resultsobtained using a Zr-Cu chamber show both propane and
methane at supercriticalpressuresto have adequate coolingcapability for
an OMS application(6K to lOK IbF), with methane demonstratingthe greater
coolingmargin. Propane and methane as a superheatedvapor were satisfactory
coolantsat subcriticalpressuresfor both the OMS and RCS application.
Nucleate boiling heat transferwith propanewas not satisfactorydue to the
- low burnout heat fluxes calculatedwith currentlyavailable correlations.
• These correlationswere suspect, however, as the design conditionsare for
outside the range of data for which the correlationwas developed. RP-I
proved to be an unsatisfactorycoolant. All cases were limitedby the
Iuw coking temperatureallowed (550°F). Ammonia analysis in the Zr-Cu
chamber resultedin acceptablenucleateboiling and subcritical,apor
" cooling for the OMS/RCS application.
J.,
Based on the analysesconducted, Figure II-2 depicts an estimate
of the most probable thrust and Pc ranges that could be accommodatedby
the cooling characteristics the four fuels studied.of
]
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II, A, Objectives and Sunwnary(cont.)
Heat availabilityfrom the low heat flux region of the OMS and
RCS nozzle ge_netrieswas evaluated to deten_dnewhether subcriticalcoolant
vaporizationcould be obtained. Propane and methane show promise, partic-
ularly with some bypass flow. lne results of these evaluationsare plotted
in Figure II-3.
The analysis of propane as a coolant has shown the need for
furtherexperimentationto accomplish the following:
(I) Verify tileapplicabilityof tileALRC LOX correlationas
an adequate characterizationof the heat transfer characteristicsof super-
critical propane, or, if not applicable,develop a correlationspecific to
propane.
(2) Extend tileburnout equation to coverthe range of V ,\Tsub
values typical of propane in channel flow.
(3) Obtain data on incipientnucleateboiling as a function of
pressure, velocity,and bulk and w_ll tBnperatures,and evaluate the nucleate
and film boiling heat transfercharacteristicsof propane.
(4) Detenldnethe wall temperaturethresholdat which p_)pane
deccwnpositionhas practicalsignificance.
B. TFGHNICALBASIS FOR THE COOLING COMPARISONANALYS].,
I. Regenerative Cool!n_cLCo__jnpar.isD!L _iodel_
Regenerativecooling comparisonsof Task I.l for sin,qle-
phase Fluidswere generatedwith the SCALER Program, a program developed
1981002721-016
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If, B, TechnicalBasis for the Cooling ComparisonAnalysis (cont.) I!
i
specificallyfor parametricdesign studies. With this program, it is I_
economicallyfeasible to generate a relativelylarge number of parametric
design points for selected fuels and still obtain a detailed,multi-station
analysis of a rectangularchannel at each design point. This technique !.
provides an analytic modeling base for comparing fuels at realistic, _
regenerativelycooled engine conditions.
The SCALER program scales the chamber geometry and the
local gas-side heat transfer coefficientsand coolant heat loads from
referenceinput to other thrust and chamber pressures. The coolant channel
geometry parametersare prescribedtogetherwith channel material(s)and
their temperature-dependentpropertiesand the coolant-sideheat transfer
correlation(s). Two-dimensionalheat conduction around the coolant channel
is included,providinga fin effectivitywhich results in a transformation
of the gas-sideheat flux to a lower-valuedcoolant-sideflux. At each
station, the program iterates to determine the channel depth requiredfor satis-
fying (1) a gas-sidewall temperaturelimit, which can be specifiedas a function
of closeoutwall temperatureconsistentwith cycle life and creep criteria,
and (2) an optional coolant-sidewall temperaturelimit,which can be
specifiedas the decompositio.l(or "coking")temperaturefor the coolant.
!
The only simplifyingassumption is that gas-sidewall temperaturedifferences
between the referenceinput and the scaled cases have a negligibleeffecton
gas-side heat transfer coefficientsand heat loads. Normally, gas-sidewall
temperaturelimits are well-known in advance, so that local referencegas-side
heat transferanalyses can be run at appropriatewall temperatureswith the
conventionalHEAT program.
!
The SCALER program was developed for forced convection
cooling. A modified version,BOSCALE, was prepared during this study to
includesubcooled nucleateboiling characteristicsand the burnout heat
lO
1981002721-018
!II, B, Technical Basis for the Cooling ComparisonAnalysis (cont.)
flux as parameters. This version defines the required local coolant velocity
based on a specifiedburnout safety factor. This factor is defined as the
ratio of the maximum nucleate boiling heat flux predictedby an experio
mentally derived burnout correlationto the maximum value of the coolant-
side heat flux. Iterationon channel depth thus satisfies both the gas-side
wall temperaturelimit, as in SCALER,and the coolant-sideheat flux limit.
2. Gas-Side Boundary LaxeZ
Throat Reynolds numbers in the present study cover a
range which yields three distinct boundary layer flow regimes as a result
of flow accelerationin the convergentsection. At high Reynolds numbers,
the flow remains turbulent,and heat transfer coefficientsare calculatedfrom
a standard pipe-flowcorrelation,as shown in Figure II-4. The dip in the
turbulentcorrelationcoefficient,shown in the figure, accounts for the
effects of flow acceleration. At low Reynoldsnumbers, accelerationeffects
are strong enough to cause the boundary layer to undergo a reverse tran-
sition to laminar flow. At moderate Reynolds numbers, the reverse tran-
sition process is startei but not completed,and the throat boundary layer
is in a transitionstate. These regimes are shown in Figure II-5, in which
the solid curve gives the throat Stanton number as a functionof the diameter
Reynolds number. The reverse transitionregime spans the Reynolds number
range of 6-13 x lO5. This range, a well as the coefficientof the lami-
narized characteristicand the shape of the transitioncurve, is based on
Refs. 2 and 18.
Figure II-5, also illustratesthe calculationprocedure
used upstream of the throat when reverse transitionor corlpletelaminar-
ization occurs at the throat. Consider first the laminari2edcase with the
throat at point #l. A laminar boundary layer analysis, Ref. 19 is used to
II
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II, B, Technical Basis for the Cooling ComparisonAnalysis (cont.)
predict the Stanton number upstream of the thrcat. This analysi_ is based
on a length Reynolds number, with the effective starting point of the
laminar boundary layer calculated such that the predicted throat Stanton
number equals the empirical value from the solid curve of Figure 11-5, i.e.:
Cxt Rext -0.5 = 0.4 Reft-0"5
This boundary layer analysis applies downstreamof the point in the cnnvergent
sectionwhere the local turbulent and laminar Stanton numbers are equal, i.e.:
m
Cg Ref 0.2 = Cx Rex-O.5
with C being the local turbulent correlation coefficient from Figure 11-4.g
When the throat Reynolds number is in the reverse transition
region, as illustrated by the vertical dashed lines in Figure 11-5 at
Ref _ I0 x 105, a fictitious laminar bounda_, layer analysis, based on an
extension of the laminarized throat characteristic, is used. In this case,
the boundary layer analysis is forced to match the fictitious Stanton number
at point #2 in this figure. Local heat transfer coefficients are then cal-
culated by weighting the laminar and turbulent coefficients as follows:
(s s),0 (shg = hgL g + ST1
in which S is the actual throat Stantun number, while ST and SL are the
throat values obtained by extensionof the turbulentand laminar character-
istics, respectively. These three Stanton numbers are identifiedin Figure II-5.
14
1981002721-022
II, B, Technical Basis for the Cooling ComparisonAnalysis (cont.)
The reverse transitionregion limits, defined in Figure II-5,
divide the thrust-chamberpressure box of i_cerest therein into three regions,
as is shown in Figure II-6. It is apparent that only a relativelysmall
region at low thrust and low chamber pressure results in laminar flow in
the throat boundary layer. Approximatelythree-quartersof the parametric
range of interest is in the conventional,fully turbulent regime. Hydro-
carbon fuels exhibit a small, low-thrust,low-Pc region characterizedby a
laminarizedboundary flow regime.
3. Radiation-CooledNozzle ExtensionAttachment Area Ratio
Criteria
The minimum area ratio at which a radiation-coolednozzle
extensioncan be attached for oxidation protectionof a colul_h_umalloy
(FS-85or Cl03) by a silicide coating (SYLCORR512) was calculatedon the basis
of the lower temperature-durationcurve of Figure II-7. Predictedwall
temperatureswere based on the simple energy balance:
_ )4hg (Taw Twg) = _ (l + fi) (Twg
in which:
= coating em'issivity;typical value is 0.85
f. = internal view factor to end planes from al,
l axisymmetricview factor program
A 15-hour firing duration, compatiblewith the OMS application,results in a
conservativewall temperatureestimate of 2755°F for attachmentof the radi-
ation-coolednozzle extension.
15
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Figure II-6, Gas-Side Boundary Layer Flow Regimes
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iII, B, Technical Basis for the Cooling ComparisonAnalysis (cont.)
4. Thrust Chamber Geometry i]efin_tion
a. Chamber Length and ContractionRatio
The respectivemixture ratios and specific impulses of
the four propellantcombinationsconsideredin this study were as follows:
MR Isp
02/C3H8 3.0 365
02/CH4 3.6 375
02/RP-I 2.85 356
02/NH3 1.45 340
Fuel vaporization limits performance cf the oxygen/RP-I combination, resulting
in a combustion chamber characterized by a large L' value. Since the study was
limited to considering single-pass flow towards the injector, the 02/RP-I
chamber length was estimated conservatively at a maximum value of 18.6 in., and
station calculations for all fuels were carried to this L' limit, with the
result tha_ the actual L' coulG be selected at a_y point in the chamber as
desirea. In this parametric study, values of L' ranging from about I0 to II
in. were selectud as representative of the mean for a simplified evaluation of
temperature rise _nd pressure drop. In a preliminary design, thrust and
chamber pressure, as w_l_ as value judgments based on experience with the vapor-
ization arid combustion characteristics of each propellant combination, would
be used to optimize L'.
_ased upon the _LRC IntegratedThruster Assembly (ITA)
engine design, a chamber contractionratio of 3.3:1 was selected.
18
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II, B, Technical Basi:_for the Cooling Comparise,,Analysis (cont.) '_
b. Chamber Contour Selection
The chamber contour used in this study is showr in Figure
II-8. The convergentsection contour was selected in order to promote boundary
layer laminarizationwithin the limits of standard design practice. Since this
requires the use of a large convergenceangle with a conical section of
sufficientlength, a 30° convergenceangle along with a radius of curvature
at the start of convergencejust large enough to prevent flow separationand
local heat transfer coefficientperturbations,was selected.
c. Nozzle Contour Selection
The non-dimensionalcontour data for a 400:I area
ratio, 90% bell nozzle is shown on Table II-I. The symb31 _ on this table
representstheratio of the nozzle radius to the throat radius,whereas Z stands
for the ratio of the nozzle axial length (measuredfrom the throat) to the
throat radius. Packagingconsiderationslimit the maximum diameterof the
nozzle. For an _S application,the largest expansion ratio for a nozzle
exit diameter of 40 in. is shown as a function of the thrust/chamberpressure
ratio as the upper curve of Figure II-9; the lower curve is for an RCS
application,in which the nozzle exit diameter is limited to 20 in.
5. Coolant Circuit and Material Selections
d. RegenerativelyCooled Chambers
For hydrocarbonceolants, the designs analyzed con-
sidered rectangularslots in a zirconiun,-cJpp_r(aged at llO0°F) liner with
an electroformednickel closure. Since an ammonia-copperreaction is a
possibilityat high wall temperatures,304L stainlesssteel was selected as
19
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!II, B, Technical Basis for the Cooling ComparisonAnalysis (cont.)
i the constructionmaterial for the slotted section (againwith a nickel closeout)
" to conduct the cooling analyses with ammonia. These chamberswere considered
to extend normally to the area ratio (cA) at which a radiation-coolednozzle
extensioncan be utilized since these area ratios are relativelylow. In
case the two-phaseheat transfer in the high-flux region of the nozzle was
undesirable,however, it was consideredto extend the nozzle channel design
area ratio to 6:1, at which point it was assumed that superheatedvapor at
subcriticalpressures,produced in a vaporizer section such as, for example,
a tube bundle or channel design, would be provided to the primary nozzle
channels. This type of vaporizerwould thus extend from an area ratio of 6:1
: to the area ratio determined by heat load requirementsto vaporize the coolant
and add some small amount of superheat (assumedas lO°R in this study).
Gas-side wall temperaturelimits for Zr-Cu were based on
the creep and cycle life considerationsshown in Figure II-lO. This curve is
based on 500 cycles, a safety factor of four, and a hold time of 15 hours.
The hot gas-sidewall thickness requirementsfor Zr-Cu are shown in Figure
II-ll. For cooling analyses with ammonia, the equivalent data for 304L
stainlesssteel requirementsare presented in Figures II-12 and II-13 for
250 cycles and a safety factor of fou_ Due to initial solutionconvergence
failure,this data was not extended to 2,000 cycles. Note that creep allow-
ance was not included in Figure II-12, limiting the hot gas-sidewall temper-
ature to 800°F. The strength data for a differentialpressureof l,O00 psi
were input to the channel design programs for the referencecase hot wall
aspect ratios at the cold and hot conditions. The actual pressure differ-
entials across the hot wall were used in the program to determine wall thick-
ness at each station.
A typical channel layout is shown in Figure II-14.
Ideally,each set of input parameters (e.g., inlet pressure, bulk temperature,
24
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Figure II-I0. Zr-Cu Design Envelope (Solution-Treated and
•. Aged at 1100°F)
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I-- Figure II-12. 304L StainlessSteel Envelope
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!II, B, Technical Basis for the Cooling ComparisonAnalysis _cont.)
coolant state, etc.) requiresan iterative optimizationof station channel
and land dimensionsto minimize pressure drop and provide the most effective
cooling. Although such an optimizationwas beyond the scope of this para-
metric study, several channel designs (to be discussed later) were utilized
as approximationsfor the needs of a broad categorizationof heat transfer
, regimes and coolant states (e.g.,dense single-phasesupercriticalsuper.-
heated vapor, etc.).
In order to minimize maldistributionof flow resulting
from typical dimensionaltolerances,a channel depth of 0.030 in. was selected
as the minimum representativeof a feasible channel design. Channel depths
ranging from 0.020 to 0.030 in. were considereomarginal in that it was con-
sider_ oossible that channel optimizationcould result in obtaining a minimum
channel depth of 0.030 in. Calculatedchannel depths of less than 0.020 in.
were consideredbeyond the probabilityof significant improvement.
b. Nozzle Extension
FS-85 columbiumwith a silicide coatingwas selected
because of its high temperaturecapability. This material was found to be
suitable for use in nozzleswith low pressure levels.
6. Coolant Properties
Data requirementsfor the SCALER and BOSCALE thermal analysis
programs consist of the following criteria: l) coolant thermodynamic
(density,enthalpy,specific heat, and sonic velocity); 2) transport (thermal
conductivityand viscosity);end 3) saturationpressures and temperatures.
30
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!If, B, Technical Basis for the Cooling Comparison'Analyses(cont.)
! a. RP-I
i Density, specific heat, thermal conductl_ity,and
viscosity data were an integral part of the SCALER program data bank at
the inceptionof the study. Data for saturated liquid _re utilized under
340 psia and 800°F; above the criticalpressure, the data have bee, extended
to 1800 psia and 1280°F.
b. Methane
Similarly,density, specific heat, enthalpy,sonic
velocity,thermal conductivity,and viscositydata for methane weFe avail-
able at the start of analysis. Pressuresrange from lO0 to lO,O00 psia,
while the data temperature_ange is from -290 to 1340°F.
c. Propane
A very limited data file for propane required that
more extensive property data be obtained and included in the program data
bank. The density,enthalpy, specific heat, and sonic velocity data of
Ref. 4 were input for a pressure range of 1.45 to 2330 psia a_d a temperature
range of -298 to 8OO°F. The transportpropertiesof thermal conductivity
and viscositywere obtained from the data of Ref. 5. It was necessaryto
graphicallyextrapolateboth the low and high ends of the temperaturespectrum,
with pressures ranging from 145 zo 2176 psia and temperaturesranging from
-298 to 800°F.
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!) II, B, Technical Basis for the Cooling Compare.onAnalyses (cont-)
L
d. AmmoniaI
No data for ammonia were available to the design pro-
grams at the start of the analysis.Thermodynamicdata (densityand enthalpy)
were obtained from Ref. 6. An extensive effort was requiredto extend these
data to include sonic velocity,thermai conductivity,and viscosity data for
pressuresup to 2000 psia and temperaturesbetween -60 and 1040°F as per the
i approachesof Refs. 7, 8 and 9. In the absence of specific heat data the
program logic was modified to accept a pressure-temperature-enthalpyre-
lationshipin calculatingbulk temperaturerise and pressure drop.
C. ANALYSIS CRITERIA
A point design analysis at a given thrust and chamber pressure
was consideredacceptablewhen the following criteria we,_ met.
I. Channel Gas-Side Wall Temperature
The coolant channel design program limits the gas-side
channel wall temperatureand the temperaturedifferencebetween the gas-side
and channel closure as set by creep and cycle life considerations. These
criteriaere sh_:m in Figure II-IO for zirconium-copperand in Figure II-12
for 304L sta;F.iess teel. Where these criteria could not be met and were
the limitingfactor in _he analysis, cycle life iimit was reported.
2. Channel Coolant-SideWall Temperature
For the hydrocarboncoolants, the limit o_Ithe coolant-side
wall temperaturewas the reported coking temperature_
Propane 800°F (750°F in some analyses)
Methane 1300°F
RP-I 550°F
i
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!II, C, Analysis Criteria (cont.)
The coking limit of 1300°F for methane was net a prac*ical
L
limit in that maximum gas-side wall t_mperatureswe. limited to lO00°F.
Where the coolant-sidetemperaturebecome limited by the coking temperatures,
a coking limit was reported.
3. Coolant Pressure Drn_
For this study, a maximum pres.ure ratio (Pinlet: Pc)
of 1.8 was allowed. The pressurP in excess of the chamber pressurewould
normally be distributed20/60 between injectorand regenerativelycooled
jacket. The desig.lprogram req,dres input of a specific coolant inlet
pressure,and this parameterwas normally _nput as 1.8 times Pc. A lower
ratio, 1.3, was used in selected s,lbcriticalanalyseswhere regen jacket
4P was not limitingand wh_re ratios in _xcess of the coolant critical
pressuremay involvephase change.
4. Burnout Safety F_ctor
The burnout safety factor (BOSF) crit_:riorl;onstrainsthe
ratio of the burnout heat flux to the maximum coolant.-sideheat flux iter-
ating on channel depth to provide the necessarycoolant flow v,_ocity. Burn-
out heat fluxes employed rel_cionshipsof the following form:
_BO = K1 + K2 V (Tsat - Tb)
The value of the BOSF was initielly setatl.6. For propane,
this conservativeestimate could not be met, and convergencefailures, in all
cases, precludeda complete descriptionof the limiting factcrs. As a result,
the BOSF was changed to l.O for all subsequentanalyses, and the burnout
safety margin was estimated from the excess a_ailable pressure drop.
i 33
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!II, Task I.I -Coo]ing Correlationand Comparison (cont.)
D. COOLANT CORRELATIONS
A number of coolant heat transfer correlationsfor design pre-
dictionsare available. However, since these are semi-empiri,_I,the usual
caveat relativeto their use beyond the operating ranges for which they were
developedshould be observed.
The table below presentsthe critical points, normal boiling
points,and typical inlet temperaturesfor the four fuels under consideration:
PROPANE METHANE RP-I AMMONIA
CriticalPressure,psia 615 667 315 1636
CriticalTemperature,°F 206 -ll7 758 270
Normal Boiling Point,°F -44 -259 422 -28
Typical Inlet Temperature,°F -44 -259 60 -28
295*
*SubcooleaPropane
I. Propane
To avoid the uncertaintiesof designing in the near-critical
region,analyseswere performedat the followingpressures:
Pressure Chamber Channel
Regime Pressures Inlet Pressures
?
Supercritical lO00 1800
800 1440
650 ll70
Subcritical 400 - , 520
300 540, 390
200 360, 260
lO0 180, 130
34
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II, D, _oolant Correlations(cont.)
Carbon deposits on the chamber gas-sidewalls from the
combustionof propane are postulatedto result in a significantreduction
in local heat transfer rates. This reductionwas accounted for in calculating
heat loads, i._., coolant bulk temperaturerise, but not in defining local
heat fluxes in the channel design procedure. For propane, with a 11:Cratio
, of 2.67, a heat input reductionfactor of 0.42 was employed on the basis of
previous data (see Ref. lO). Whiie this procedure does provide a reasonable
?
estimate for coolant enthalpy change and, therefore,bulk temperaturerise,
" it allows for startup with a clean engine, with intermittentloss of coating
deposits due to flaking or spalling during engine operation.
a. SupercriticalPressures
No data are known for heat transfer to propane in the
reduced pressure range where 1.9 _ Pred _ 2.9 (study inlet pressures). Finn,
as noted by Hendricks in Ref, II, developed the following correlationfor tests
at low fluxes (0.02 - 0.23 Btu/in2-sec)at 695 psia (Pred = 1.13):
o,C 10oNub = 0.026 Reb Prb _bb _bb Cp,
Since wall temperatureeffects due to temperature-dependentpropertiesmust be
accounted for in this regime, a correlationof this type was selected, The
recently concludedheated-tubetest program on heat transfer to oxygen (Ref. 12)
utilized both ALRC and other data for a reduced pressure range of 0.39 to 5.76,
with heat fluxes ranging from 1.2 to 55 Btu/in2-sec. The followingcorrelation
predicted over 95% of the experimentaldata within _ 30%:
35
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i Coolant Correlations(cont.)II, D,
I where NUref = 0.0025 Reb PrbO'4
I This correlation(generallytermed the "LOX" correlation)was used in pre-ference to the Finn correlationto predict coolant-sidecoefficientsfor
propane because the pressure and flux ranges are consistantwith those
I required in this study.
I b. SubcriticalPressures
Two types of analyses for propane at subzriticalpressureswere performed. In the first, it was assumed that a "vaporizer"
section of the nozzle extendingaft from an area ratio of 6:1 had vaporized
the inlet liquid propane and added ten degrees of superheat. Heat transfer
on the coolant-sidecould thus be characterizedas forced convectioncooling
I with a gas. The Hines equation of Ref. 13, i.e.,
Nub = 0.005 Reb0"95 PrbO'4
I was used in this regime to provide a common correlationfor comparisonof
coolant characteristics.
I The second analysis considered the inlet coolant to be
I either at its normal boiling point (i.e., essentiallya saturated liquid) orin a subcooledstate. Thus analyses for propane considereda liquid phase
at inlet temperaturesof -44 o,--295°F. For forced convectionheat transfer,
I the Hines relationshipwas employed.
F
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!II, D, Coolant Correlations (cont.)
The wall superheatfor nucleate boilingwas con-
servativelyestimated,i.e., the nucleate boilingmechanism was initiatedwhen
the local wall temperatureexceeded the fluid saturationtemperatureat the
local pressure by 25°F. Nucleate boiling heat transfercoefficients (defined
as the slope of the curve relatingboiling heat fluxes to wall temperature)
i ranging from 0.05 to 3 Btu/in2-sec-°Fwere evaluated since no forced-flowboiling '
data were available.
Burnout heat flux correlationsfor propane, based on
the work reported in Ref. 14, were derived at ALRC as:
a. Where V ATsub _ lO00
0B.0. = 0.3 + 0.0004 V ATsub
b. Where V ATsub > 1000
0B.0. = 0.58 + 0.00012 V ATsub
where: V = Coolant velocity, ft/sec
ATsub = Coolant subcooling,°F
OB.O. = Burnout heat flux, Btu/in2-sec
The correlationsare supported by test data to a V ^Tsub value of about 3500
ft °F/sec, with a data spread of _ 25%.
2. Methane
The proximity of the boiling and freezingpoint of methane
precludesany significantimprovement in subcooling. Since the burnout corre-
lation given above for propane is also applicable to methane, heat transfer
37
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by nucleateboiling of methane in the nozzle high heat flux region was con-
sidered impractical. The methane investigationwas therefore limited to the
supercriticalpressure range and as a superheated _apor at subcriticalpressure.
a. SupercriticalPressures
No data on the heat t_ansfercharacteristicsof methane
at supercriticalpressures are known to be published. Followingthe rationale
discussedabove for propane, the "LOX" correlationwas selected. For methane,
however, the data of Ref. lO suggest a wall carbon factor of 0.765. A coking
temperatureof 1300°F was employed.
b. SubcriticalPressures
The Hines correlation,given above, was used to predict
the heat transfercoefficientsfor methane, assumed to be a vapor with ten
degrees of superheat. This analysis thus paralleledthe one performed for
propane.
3. RP-I
Only limitedanalyseswith RP-I as the coolantwere performed.
While offeringmany advantages,the low coking temperatureof 550°F and large
bulk temperaturerise in the relativelylong chambers characteristicof 02/RP-I
engines present severe design problems. Attention in this study was directed
primarilyto the use of RP-I as a coolant at supercriticalpressures (P _ 315
psia). A review of published c)rrelationsindicatesthat the Hines correl-
ation adequatelyrepresentsthe heat transfer characteristicsof RP-I at super-
criticalpressures when the wall temperaturesare less than the critical
temperatureof 758°F (true for these analyses, since the lower coking temperature
38
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II, D, Coolant Correlations(cont.)
limit of 550°F constrains the maximum coolant-sidetemperatureto this lower
value). A wall carbon factor of 0.25 (Ref. lO) was used.
4. A_oni a
The high critical pressure of ammonia (1636 psia) eliminated
analyses of this fuel at supercriticalpressures. Effort was thus directed
toward analysis of (a) superheatedvapor at subcriticalpressures and (b)
forced convectionand nucleate boiling. The Hines correlationwas again
selected for the superheatedvapor state as adequatelycharacterizingthe
heat transfercharacteristicsbased on bulk temperature.
The non-boilingforced convectionanalyses were performed by
using the Hines correlation. The burnout heat flux correlation for ammonia
is of the same form as the one discussedearlier for propane. Based on test
data of JPL and RMI (Refs. 15 and 16), the equations derived by ALRC, with
notation as employed earlier, are
a. Where V ^Tsub L 4000 ft °F/sec
_B.O. = 2.15 + 0.00036 V ATsub
b. Where V ATsub -.4000
_B.O. = 3.3 + 0.000587 V ATsub
These equations are supported ky test data to a V _Tsu b value of about 14,000 ft
°F/see, with a data spread of _ 30%.
C
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!II, Task l.l-Cooling Correlationand Comparison (cont.)
E. RESULTS OF COOLING COMPARISONANALYSES
A preliminaryfinding drawn from the analyses of the four
coolants considered in this study, with heat transferredeither by forced
convectionor nucleate boiling mechanisms, is that cooling characteristics
are highly sensitiveto channel layout (channeland land width profiles).
Ideally,channeldesignvaries with thrust level and coolant pressure, In
essence, each coolant-thrust-pressurecombinationrequires a tailor-made
channel configuration;conversely,any specific channel layout satisfies
the thermal and hydraulic requirementsof a relativelynarrow range of input
parameters. This makes a meaningful comparisonof four coolants over a wide
range of thrusts and pressuresmore difficult in that time constraintspre-
clude optimizationiterationson channel layout at each specific point. The
results reported herein are thus based on several channel geometries con-
sidered relativelycrude approximationsof the channel layout most appro-
priate to a broad categorizationof cases.
The five channel layouts used in this study are given in Table II-II.
The channel width and land width input to the program at the throat (Station18)
determinesthe number of coolant channels for each specificengine design case.
For all other stations,the dimension input either as channel width or land
width specifiesthat dimension for each stationwhile the alternate parameter
is automaticallyvaried to accommodatethe appropriatenozzle chamber dimen-
sions. For example, for the C channel design, the channelwidth is held
constantat 0.174 in. for the first 13 stationswhereas the land width varies,
giving the widest land width at Station l and the narrowest at Station 13.
Channel nomenclature,as used in Tables II-III through II-IX, is
depicted in Figure II-15.
40
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IABLI- 1!-11
CHANNEl.DESIGNLAYOUT
A Channel A"Channe] A" Channel C Channel i) Channel
ControlIing ControlIing Contro)linq ControlIing ControlIing
Oimensioos Dimensions Dimensions Dimensions Dimensions
Station A/At Channel Land "' Channel Land Channel 'Land Channel Land Channel Land
Wldthlln.Width,in,V,idthlin.Widthlin.Width,in.Width,in. __ _. W,Idthwin.
1 208.7 .174 .174 .130 .174 .120
2 189.6 - 1
3 161.0 J!
4 133.0 I
5 105.1
6 88.1 I
7 69.2
8 52.6
9 41.8
10 30.9 m
11 22.8 /
12 16._ _,
13 11.0
14 6.73 .030 .030 .030 .080
153.77 _ 1 _ 1
16 2.21
17 1.16
18 1.00 .0.",24 .0325 .0325 .070 .040
19 1.07201.29 ,I, ,I,
21 1.71 .04 .040 .080 .060
22 2.20 .068
23 2.65 .16624 3.00 .150
25 3.30
26 3.30
27 3.30
28 3.30
29 3.30
30 3.30
31 3.30
32 3.30
33 3.30
34 3.30
35 3.30
36 3.30
37 3.30 )
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!II, E, Results of Cooling ComparisonAnalyses (cont.)
I. Propane
a. SupercriticalPressures
Analyseswere performed primarilyat thrust levels
_r
of 6 and lOK and at chamber pressures of 650, 800, and lO00 psia. In all
cases, the coolant inlet pressurewas 180% of the chamber pressure. Coolant
inlet temperatureswere -44°F (normalboiling point) and -295°F. In the
majority of cases, a reduction in the gas-side heat flux to 42% of the
"clean wall" flux was employed in calculatingthe bulk temperaturerise;
channel design, however,was based on the "clean wall" flux. Coking temper-
ature limits were either 750 or 800°F, reflectingthe range of temperatures
for which decompositioncan be expected.
Input data for the analysis are given in Part A of
Table Ii-111. SelectedSCALER-calculatednozzle parametersare presented
in Part B, while local fluxes a_Idtemperaturesare given in Part C for the
stationwith the calculatedmaximum coolant-sideheat flux.
Cases 7A-l through 7A-4 in Table II-III consider pro-
pane at an inlet temperatureof -44°F (normalboiling point). Parametersof !i
interestare plotted Figure II-16 as a function of thrust for the OMS _J
application,with Pc as the independentvariable. Coolant pressure drop,
velocityand temperatureat the throat, Mach number, maximum coolant-side
heat flux, and the radiation-cooledattachmentarea ratio increasewith
increasingchamber pressure. The effect of changes in thrust level is most
significantfor pressure drop and bulk temperaturerise. Minimum channel
depths are satisfactoryfor all chamber pressures at a thrust of lOK but
become increasinglymarginal a_ thrust decreases to 6K.
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III, E, Results of Cooling ComparisonAnalyses (cont.)
Cases 7A-lO and 7A-ll provide analyses in which the
' inlet temperaturewas assumed t_ -295°F. Results are similar, as indicated
•- by a comparisonof the data plotted in Figures II-16 and II-17.
i
re.
The effect of a less effectivegas-side carbon layer
! with trends as anticipated,is shown in Figure II-18. Velocity and the
associatedcoolant pressure drops increase significantlyas the heat
F reductioneffect decreases. The formationand adherence of the carbon layer
is significantto the design of a propane-cooledengine.
. b. Superheate|Vapor at SubcriticalPressures
Data for superheatedpropane vapor at subcritical
pressures are presented in Table /I-IV. Thrust levels again were 6K and
; /OK IbF for the (]MSapplication,while chamber pressures ranged from lO0 to
500 psia. Inlet temperaturewere lO° above the saturationtemperatureat the
inlet pressurewhich, respectively,was 1.8 and 1.3 times the chamber pressure.
No carbon factor variationwas studied,and the coking temperaturewas held
constantat 800°F. The C channel design, which has larger land and channel
widths in the throat and a wider land width upstream of the throat,was used,
providinga larger channel flow cross section to reduce flow velocitiesfor
' the less dense gas.
Parametersof interestare plotted as a functionof thrust
for the chamber pressuresanalyzed in Figures II-19 and II-20 for Pin/Pc
values of 1.8 and 1.3, respectively. As was to be expected, coolant throat
and outlet temperaturesa;'egreater, Coolant throat velocitiesfor Pin/Pc = 1.8
approximatethose for supercriticalpropane;at the lower pressure ratio, throat
" velocitiesare higher. Coolant pressure drops are low for Pin/Pc = 1.8 and
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III, E, Results of Cooling ComparisonAnalyses (cont.)
generally somewhathigher for Pin/Pc = 1.3, with all subcriticalaP values
! being significantlyless than those calculatedfor supercriticalpropane.
Coolant-sideheat fluxes are also lower, reflectingthe lower gas-side Fluxes
at lower chamber pressures. All calculatedmaximum Mach number valueswere
less than the 0.3 criteria,except for Pc = lO0 psia and Pin/Pc : 1.3.
The cases analyzed for the RCS applicationshowed an
acceptableMach number at Pc = lO0 psia at thrust levels down to approximately
1400 IbF. Channel depths were satisfactory,as showt,in Figure II-21.
: c. Forced Convectionand Nucleate Boiling at Subcritical
Pressures
As shown in Table II-V, the majority of analyses in this
heat transfer regime were conducted for an engine designedfor lOK It '_rust
and a chamber pressure of 300 psia. Part A indicates the primary parameter
variationsutilized to develop a configurationand operating state capable of
meeting the analysis criteria.
In all cases, the low burnout heat fluxes predicted by
the burnout correlationscontrolledthe analysis. Channel design considerations
centered on maximizing the coolant velocity to provide the V aTsub product
required for maintaining the coolant-sideheat flux at 62.1% of the burnout
1,_x. These high velocities resulted in severe overcooling,as indicated by
' the maximum coolant-sidewall temperatures (given in Part B of Table II V)
which ranged fro_.8_ to 348°F- farbelow the desired limits set by the coking
(800°F)or cycle life/creepconsiderations.
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!II, E, Results of Cooling ComparisonAnalyses (cont.)
It was noted the burnout correlationwas supported
by data to V ATsub productsof about 3500 ft °F/sec. The calculationvalues
of the product at the last station analyzed range from 20,000 to nearly 75,000.
The applicabilityof the burnout equation at these very high V ATsub values
is questionable.
The effect of arbitrarilyforcing the coolant to operate
at the burnout limit was studied in Cases 7C-1.4 through 7C-I.7. Case 1.4 ran
) to completion,but the minimum channel depth was only 0.015 in. Th_ wall
thicknesswas increasedin Case 1.5 to improve the circumferentialfin effect;
k. however, the maximum flux and pressure drop increasedwith no effect on
channel depth. No benefitwas gained by enlarging the channel cross section
In Cases 1.6 and 1.7.
2. Methane
a. SupercriticalPressures
Analyses were performed at thrust levels of 6 and lOK
for chamber pressuresof 700 and lO00 psia, with inlet pressures 1.8 times the
chamber pressure. The inlet temperatureaas -25g°F (normal boiling point)
with a constantwall carbon factor of 0.765, i.e., the bulk temperaturerise
calculatedwas based on a flux at 76.5% nf the "cleanwall" fiuxo The coking
qperaturew_s 1300°F.
Input data are given in Part A of Table I!-VI as Cases
llA-I and lIA-2 for the 0MS applicationo;idas Cases lIA-3 and lIA-4 for the
RCS application. Calculateddata are given in Parts B and C of the table.
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II, K, Results of Cooling ComparisonAnalyses (cont.)
! The parametersfor the supercriticalpressure analyses
_ for tre OMS cases are shown as solid curves in Figure II-22. Data trends
are simil_r to those shown in Figure II-21 for propane. Using the same channel
) geometry, coolant pressure drops are less for methane than fer propane.
I These limited data indicate the feasibilityof using
methane at supercriticalpressuresas a coolant for the OMS application.
When applied to the RCS case, however,with thrust and Pc combinationsof 2K
and 800 psia an_ IK and 400 psia, the design program for this channel layout
provides unacceptableminimum channel depths as flow area is reduced in order
) to generate the velocity necessary for maintaining the gas-side wall temper-
_ture below lO00°F. Iterationon channel layout may provide a tonfiguration
i within analysis criteria.
L -
b. SubcriticalPressures
Chamber pressuresof 400 and 200 psia were _valuated
at the 6 and lOK thrust leve|s by applying the input paramete_c in Part
of Table II-VI. Inlet temperaturesrepresent _t,esaturationt_perature plus
the lO degrees of superheat. The design limit constraint is the temperature
differentialbetween the channel gas-side wall temperatureand Lh_ nickel
- closeout temperature (Figure II-lO). Pressure drops were low and channel
depths satisfactory. These data are plotted as the dashed curves in
Figure II-22.
Analyses for the RCS appllcationwere performed at l
I and 3K Ib thrust at Pc = 30_ psia. Channel depths in the chamber were
" satisfactoryat the 3K thrust level but only marginal at IK. Associated
-. with the shallow channel depths were high p_essure d,'opsand Mach numbers.
u
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Figure 11-22. Cooling Parametersfor Methane with Wall Carbon - OMS(Sheet 1 of 2)
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Figure II-22. Cooling Parametersfor Methane with Wall Carbon - OMS (Sheet 2 of 2)
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Ji t II, E, Results of Cooling Comparison Analyses (cont.)
3. RP-1
Analysis input and computed results for nozzle design analyses
I of RP-I at supercriticalpressuresare given in Table II-VII. For the two
cases in which complete solutionswere obtained (F = lOK IbF ano Pc = 500 and
315 psia), the first (Case 6A-I.2) resulted in an unacceptablepressure drop
_ and a maximum liquid velocity just under the limiting criterionof 200 ft/sec.
A channel geometrymodification,a decrease in chamber pressure, and an in-
F crease in the coking temperatureto 800°F (Case 6A-4.2) resolved these
l-
problem areas and gave satisfactoryresults. In all cases, wall temperatures
specifiedby the coking temperaturecontrolled the solution. Bulk temperaturei
I. increaseswere moderate as a result of the flux reduction obtained with a
I- wall carbon factor of 0.25. The ATb for Case 6A-l.l (Factorof 0.25) from
E = 33:1 to the thruat was 36.5°F, compared to 138.5°F for Case 6A-3.1
(Factor= l.O).
i
Analyses at subcriticalpressures were not successful due to
' solutionconvergenceproblems encounteredat the first station. A typical
' analysis input attemptedis shown in Table II-VII as Case 6C-l.l. Time
. constraintsprecludedresolving the nature of the computationalproblems,
, thus preventingachievementof analytical solutions.
4. Ammonia
Analysis input and selected nozzle design parametersare
given in Table II-VIIIforsuperhc_tedammonia vapor at subcriticalpressures.
•- Note that these resultsare for ammol,aain Zr-Cu chambers; computer solutions
could not be accomplishedwith stainless steel as the material of construction.
The inlet temperaturesfor ammonia incorporatemore superheatingthan was the
case for propane and methane. These higher superheatswere necessary to
prevent the generationof erroneous property data caused by interpolations
" between liquid and gas phase data values.
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[II, E, Results of Cooling ComparisonAnalyses (cont.)
Solutionsin three of the four analyses performedgave
maximum Mach numbers greater than the 0.3 limitingcriterion. These high
! values for the Mach modulus are due largely to the low density of ammonia
i &t the relativelyhigh gas temperatures. However, _n RCS application (Case
12B-4.1),at a thrust of IK IbF and a chamber pressureof lO0 psia, gave a
satisfactorysolutionwith an outlet ammonia temperatureof 574°F. The heat
flux for this case was quite low, however, as is shown _n Part C of Table
II-VIII.
A limized number of representativeanalyses nn forced con-
vection and nucleate boiling of liquidammonia were performed,with data
given in T)ble II-IX. The burnout safety factor, set equal to unity for the
most favorableanalysis, controlledthe channel depth at each station,
resultingin a highly overcooled channel. In one an_lysis (Case 12C-l.l),
a computer solutionwas achieved for each station; in the other three cases
evaluated,solution convergenceproblemswere encounteredfor the nozzle
between the throat and the cylindricalchamber section. Unlike the case for
propane, the V ATsub values calculatedfor ammonia were within the data
range of the burnout correlatingequations,providing a higher degree of
I confidencein the burnout criterion.
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Ill. TASK 1.2 HEATED TUBE TESTING
A. OBJECTIVESAND SUMMARY
; The objectiveso  theexperimentalheat transfer investigatian
were (1) to measure the forced convectionheat transfercoefficientof propane
at subcriticaland supercriticalpressures; (2) to measure the nucleateboiling
and burnout heat flux characteristicsof subcriticalpropane; (3) to in-
vestig_,tepropane coking char_:teristicsat elevatedwall temperatures;and
i (4) to c_rrelate these data in a manner meaningful _o the design ot regen-
erativelycooled thrust hambers.
£ '_ g_ne,_ed from the cooling comparisoneffort (Task I.l) of
this contract_,as_sed to identifypropane cooling regimes and the associated
parametersof particularinterest to the OMS/RCS Engine application.
A total of 12 individualheat transfer tests were conductedduring
this effort. These are summarized in Table III-I.
Forced convectionheat transfer c efflcientswere measured over
. t;_:" flowingrange of nominal test conditions:
Pressure: 450 to !800 psia
-.
Bulk Temperature: -250 to 250°F
Velocity: 50 to 150 ft,'sec
- Wall Temperatdres: Ambient to 1200°F
Heat Flux: 0.2 to lO Btu/in2 sec
I
Subsequentanalysis of the data led to a correlationpredicting 1
95% of the data within + 2a%.
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III, A, Objectives and Sblnmary(cont.)
Nucleate boiling coefficientsand effective critical heat flux
• (transitionfrom nucleate to film baili,G) were measured over the following
test conditions:
Pressure: 450 to 500 psia
Bulk Temperature: -240 to -12°F
V AT: 20,000 to 40,000 Ft-°F/sec
The number of data points over the above range are few compared
to those for forced convection. Nucleate boiling data, plotted versus wall
superheat,show propertydependence. Correlationtechniquesfor these data
have not been thoroughlyevaluated due to limited d_ta range and quantity.
The critical heat flux measured for propane was considerablyhigher (80-I00%)
than had been originallypredicted on the basis of the limited low flux data.
This fact _onsiderablyenhances the prospect of regenerativethrust chambers
: cooled with subcriticalpropane.
Coking data were measured over the following range of test
conditions:
: Pressure: 1800 psia
Bulk Temperature: Ambient to 230°F
Wall Temperature: 350 to lO03°F
Velocities: 50 and 150 ft/sec
Propane grade: Instrument(99.5%)
Natural (96%)
Coking was observed at low wall temperatures_ 50G°F. Cok;ng rates
appeared comparable tu those rates published for RP-I. The level of purity
did not appear to affect the wall temperatureat which coking was initiated;
. however,measured rates were generally lower with instrumentgrade.
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T) IIi, Task I•2 Heated Tube Testing (cont.)
I
- B. TEST FACILITY
)
I. ALRC Heat Transfer Test System
k.
The heat transfer test facility• shown schematicallyin
t Figure lll-l, consists of the following: I) a 150 gallon 5500 psi, vacuum-i
' jacketed, propane-run tank with _ high-pressure helium pressurization system;
, 2) a jacketed run line; 3) an enclosed, electricallyheated test section;
i
, 4) a 225 Kw DC power supply; and 5) all necessarycontrols and instrumentation.
! The test section apparatuswas enclosed in a I/2 in. thick
aluminum box. The test section enclosurewas covered with an acrylic window
! and purged with dry nitrogen to maintain an inert atmosphere. During testing,
the test section was monitored continuouslywith a closed circuit television•
The test section was clamped into electrical connections
cantilever-mountedin the test section enclosure. The upper connectionwast.
supportedwith flexures to permit axial movement of the h_ated test section
tube due to thermal expansion. To ensure free axial movement, a tension
i force was applied to the outlet end of the test section. The inlet of the
' test sectionwas maintained at ground po,arity, and the outlet mixer incor-
, porated electrical insul,_ti_nto isolate the test section from downstream
. plumbing•
Flow control was accomplishedusing a I/2 in. control valve
at the test section cutlet•
"" Bulk temperaturecontrol of the propane was provided by an
LN2 driven heat exchanger and recirculationpump system.
a_
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I!I, B, Test Facility (coht.)
2. Test Sections
] Electricallyheated test sectionswere designed to give the
greatest range of test conditionsand data points without exceedingthe
strength of the tube or the capacityof the test facility.
The test section configuration,togetherwith instrumen-
tation locationsfor all tests, is shown in Figure III-2. With the exception
of Test Ill, where the test section from the previoustest was used, new test
sectionswere used for each test.
The i_stallationof instrumentationin the test sections is
shown in FiguresIII-3and III-4. Pressure taps were located immediatelyup-
stream and downstreamof the test section and were connected to pressure
transducerswith I/8 in. dia. CRES tubing. Temperaturewas measured at five
stations, spaced at even incrementsof L/ID along the outside wall of the
heated section. Two measuremen%, located 180° apart, were taken at each
station and averaged. The thermocoupleswere electricallyinsulatedfrom the
tube with a thin strip of Mica to prevent voltage from the tube interfering
with thermocouplereadings. To ensure good heat transfer between the tube
wall and the thermocouple,the thermocoupleswere spring-loadedagainst the
test section. Because the thermocouplesare not directly attached to the
heated tube,themeasured temperatureis somewhat lower than the actual wall
temperature. Calibrationtests for these configurations,conductedas a
part of Contract NAS 3-20384, "SupercriticalOxygen Heat Transfeff'(Ref. 12),
allow correlationof measured data with cctual wall temperature_
3. Instrumentation
The measured parameters, together with instrument type, are
listed in Table III-II. In addition to the standard low frequencymecsurements,
i 81
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I FLOW_
_ UL _ f VOLTAGE TAP
"" F1.870_4.._1/2L__ / _1.870 _
URE TAP PRESSURE TAP
•_----- C----'_"
THERMOCOUPLE
D_ LOCATIONS
E A THROUGH E
; SUBCRITICAL
TEST SERIES
i
TESTNO. OD Wall UL L A B C D E _t'l
HTB6-797- in. in. in. in. in. in. in. in. in. _NEL
lOl .1875 .015 4._7 I0.50 2.50 4.38 6.27 8.15 10.04 KSO0
I02
I03
105
I06 5.00 1.57 2.36 3.14 3.93 4.71
109 IllO
111
107 .125 5.97 _3 2 50 3.58 4.66 5.73
I I I I
i Figure III-2. lest Section Dimensions
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FigureIII-3. HeatTransferTestSection
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FigureII.'-4.Test SectionInstallation
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/TABLEIII-II
PROPANEHEATTRNCSFER
INSTRLJ4ENTATIONLIST
TRANSDUCER ACCURACY RECORDING,DEVICE MALFUNCTION
PARAMETER SYMBOL TYPE RANGE +.%READING TAPEIVISUALGRAPH!DISCDETECTION COMMENTS
InletMixerPressure PHi StrainGauge 0-2000psi 0.25 l X Optimize
Test Section Inlet Pressure Pin O-20DUpst 0.25 X X X
sl .
Test Section Outlet Pressure Pout 0-2000 psi 0.25 X X X
Outlet Mixer Pressure PMO 0-2000 psi 0.25 X
Fuel Tank Pressure PFT .... 0-20OO psi O.S X X
'_ to . .
Flowmeter Inlet Pressure PFM 0-2000 psi 0.2S X
Htgh Freq. Inlet Pressure PHF1 Ptezio Electric S00 p-p psi S X X X
"' High Freq. Outlet Pressure PHF2 " " SO0p-p psi 5 X X X
1 Flommter Temperature TFN RTT 16S-600°R (+ .S°R) X
'. Test Section Inlet Temp. TIN RTT " (+_ .S°R) X X X
Test Section Inlet Temp. TIN.R Thermocouple " (+_ .S°R) X Redundant
i Test SectionWa!l Te_. TWI.A " 165-1260°R " ,_ X X
" TWI ...... X X-B
" TW2-A ...... X X X
...... X Xi TW2-B
" TW3.A " " X X X
" TW3.B .... X X
" TW4.A .... X X X
" TW .... X X4-B
" TWS_A .... X X X
" TWS '..... X X-B
Test SectionOutletTemp. Tout RTT 165-600°R X X X
Test SectionOutletTemp. Tout_R Thermocouple X Redundant
Test Section Voltage VTS Voltmeter 100 VDC .25 X X X
Cent=r Tap Voltage VCT " 100 VDC .25 X
Test Sec_.on Currer,t ITS Shunt 3000A .5 X X X "O"after
_ower Up
Test SectionCurrent ITS.R " 3000A .S X "0" after '
PowerUp Redundant
Propane Flowrate WF1 .1-1.7 #/s(. .S X X X Oversptn
PropaneFlowrate WF2 .I-I.7#/selci.5 i X Overspln
•_ 8S
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i 115, B, Test Facility (cont.)
high frequencypressure transducers,installedin both inlet and outlet mixer
• sections,were used to measure pressure oscillationresulting from abnormal
flow or heat trcnsfermodes.
i
C. HEAT TRANSFER TESTS
The propane heated tube test program consisted of a total of
twelve individual tests. Each test was designed to cover as wide a range
of test conditions and variables as coolant flow time would permit.
A detailed s_mary of all test conditionsis presented in Table
Ill-Ill. At each data point, five wall temperatruemeasurementsalong the
length of the tube have been recorded; these correspondto the thermocouple
positions shown in FigureIII-2. Internal',_alltemperatures,calculatedfrom
the measured externalwall temperatures,are listed in Table Ill-IV in con-
junctionwith the calculatedlocal coolant parameters. The data points listed
in Table Ill-Ill_re keyed to th. test section local coolant parameters,
shown in Table Ill-IV, through the ID#.
I. SupercriticalPressure Tests
Tests lOl-105 were all conducted at supercriticalpressure,
covering a wide range of coolant bulk temperatureand velocity. Wall temper-
ature trends versus input heat flux for each test are plotted in Figures III-5
through III-9. Tests lOl and I02 were conductedat constant pressure,while
special experimentaltechniques,developed after Test I02, alluvsedmultiple
pressure level data to be gathered during the same test. This considerably
enhanced the range of parametricsand data points available for the forced
convectioncorrelation. Data 'trendsare similar in all tests, with the heat
transfer coefficientdegradingat increasedwall temperaturesin all cases.
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I. Ill, C, Heat Transfer rests ((ont.) _ :
Flow oscillations_shown shaded in the plots, often accompaniedthe higher
. wall temperatu_ data, particularlyat lower pressures.
Iii 2. SubcriticalPressureTests
Test I06 and Tests 109 through 111 were all conducted at
subcriticalpressure. Wall temperatureversus heat flux for these tests
are plotted in Figures III-lO through III-12. lest llO and Test Ill share
• the same plot since the latter is an extension of the data generated in
Test llO. Data trends are all similar and can be separatedinto the various
I cooling regimes: (I) forced convection at wall temperaturesbelow the
saturationtemperature;(2) forced convectionwith nucleate boiling from
Tsat to a wall temperaturecorrespondingto the critical heat flux; and
(3) film boiling.
Whereas Test I06 exhibited_ _mooth transitiunto the film
boiling regime, Tests I09 and Ill encountereda distinct jump in wall temger-
) ature at the critical heat flux. The flagged data points shown in Figure III-i?
(Test Ill) were measured as power was slowly reduced after encountering
I the wall temperaturejump.
3. Cok_ng Tests
Tests I07, I08 and I12 were conductedat supercritical
i pressurewith the express purpose of defining coking rate versus wall
temperature.
i Wall temperaturesversus time for these tests are plotted
i- in Figures I_I-13 through III-15. In Test I07, an optimis:icestimate ofcoking temoeraturewas assumed. Wall temperatureshad to be quickly lowered
to preclude tube burnout because of the rapid coking at the hottest tube station.
I.
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III, Task 1.2 Ileat(J Tube Testing (cont.)
D. DATACORRELATION
i 1. Forced Convection
t
Forced convection heat transfer data were correlated by
t
t using the following equation:
Where: Nu = Nusselt number
Re _ Reynolds number
Pr _ Prandtl number
= Density
_ _ Viscosity
k = Thel_lalconductivity
Cp = Speci.ic heat
K = Experinw_ntaldeterminedconstant
P - Pressure
Pcrlt = C,'Iticalpressure
L/D - Length/diameterfr_B initiationof heating
i and subscripts: b - d_notes property eval_ated at bulk ten@erature|
w - denotes property evaluated at wall tel_perature
The constants k, a, c, d, e, f, g, and h were detenninedfrom
+
the forced convection data by using a multiple regressionanlaysis conjurer
program.
I
w
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III,D, DataCorrelation(cont.)
1 Severalcaseswere run;theseare summarizedin TableIII-V.
Table III-VI lists the specific data base used in each correlationcase. Data
points influencedby oscillationsor poor energy balance were not used in the
I
correlation.
c
Figures III-16and 17, respectively,are a plot of the
recommendedforcedconvectioncorrelationsbasedon all dataand on P > P
crit
(Cases3 and 5). _<
2. Nu£1eateBoilin9 and BurnoutHeatFlux
Burnoutheatfluxversusthe productof the localvelocity
times saturationminus bulk temperature(V AT) is plotted in Figure III-18.
The correlatio_derived from the data is:
_B.O. = 2.71E-4 (V AT) + .5
where: _B.O. = Burnout heat flux - Btu/in2sec
i V = fluidvelocity- ft/sec
AT = (Tsaturation- T bulk)-°F
I
I Nucleate boiling data were correlatedin the following
manner:
• _T = _F.C. + _N.b.1 ,
where: _T = Totalmeasuredheatflux- Btulin2secF
_ _F.C.= TsatASs=ed"Btu/InCsecf°rce"convectioncomponentwhenTwall> _
w_
_, _N.b.= ResiduAlattributedto nucleateboilingmechanism-Btu/in(sec
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TABLE III-VI -:
1
FORCED CONVECTION DATA BASE i
i .
I Test No. Data CorrelationCase 1HTB6-797- ID NO. I-3 4-5
1
1
I01 6-45 Use
i 102 61-8s 1
t
, 103 91-125
' [ 136-145 i
104 151-185
I 211-220105 236-269
271-274
281-284
286-289
296-299
106 311-330 n, .ete :
107 381-385 Use ,
108 446-450 1
486-490
'1
521 525
109 565, 570, 575 Delete
l1O 626-645 Delete
111 656-660 Delere
112 716-720 Ise '
736-738 :
756-757 t
I 776-777
796-797
1
t
ii,
' 1
!f ,
I
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Figure III-17, Forced Convection Corrleatlon Based on P • Pcrlt Data
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I_. llI,D, DataCorrelation(cont.)
I, The forcedconvectioneffectwas calculatedfrom :_
li @Fc = hF.C. (T_at- Tbulk) :)
The forcedconvectioncoefficienthF.c,was calculated@ :
! Twall- Tsat andwas thentakento be constant.
l @NUBwas thenplottedversuswallsuperheat(Twall- Tsat). i
The resultsare shownin Figurelll-lg.
) 3. Cokin9Correlation
I Coklngdataare plottedin Figure111-20in the formof
.
cokingrateversdsthe rec,procalof absolutetemperature.A dashedline
! representingRP-Irates(Ref.17) Is shownas a comparison,
k
Cokingrateswerecalculatedfromthe testdatausingthefollowingmodel:
l fcoKE TUBE
/-TwALL
" _ FLOW-Tb
TESTSECTION
I!
RCOKE RCOOLANT
HEATMODEL
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III,D, DataCorrelation(conL.)
k
i
= Calculatedinsidetubewall temperature _
l where: Twall (fromtestdata)
Tfilm = Effective coolant film temperature
Tbulk = Bulktempe-atureof coolant(fromtestdata)
I _ = Heatflux (fromtestdata)
L
Rcool_nt= I/h,where h is themeasuredheattransfer
coefficient
Rcoke = Thermalresistanceof cokelayer
?
Tfilmis assumedto be the referencetemperatureat which
the cokingis occurring. It is calculatedas
I
i Tfilm = Twall- (Rcoke))
' or Tfilm = Tb + (Rcoo!c,,t _)
q
Initially Rcoke = 0 andTfllm = Twall"
As cokedevelopson the tubewall,Tfilm is calculatedas:
Tfilm = Tb + (Rcoolant@)
At constant@, TL and Rcoolant are alsoassumedconstant,
I thereforeTfilmremainsconstantond Rcokeis calculatedfromRcoke= (Twall-
,_ Tfilm)/la
' Rcokeismeasureda_ a functionof timeand a coklngrate
1 defined as
; A Rcoke
i at the effectivetemperature,Tfilm.
i iT '"
I
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LIII,D, DataCorrelation(cont.)
Uponchange oF power level, @, a n_' Tfilm i_ ralculatedas _
i Tfilm = Twall- (Rcoke[currentvalue]))
• "_
whereuponthe procedure is repeated. /
2
F. TESTSECTIONINSPECTION
t '
Testsectionsusedfor the supercritlcaland coklngtestseries
weresplitintotwo halves,as shownin Figures111-21and III-22.
Small amounts of coke can be seen in some of the supercritical test
sections(shortduratiollexposure),whileblackendtubeswere characteristic
of the low velocity coking tests.
F. PROPANE PURITY
Two gradesof propanewerepurchaseofor this?rogram- natural
and instrumentgrade. Ninecylinders(20gallonseach)of natu,algradehave
beenused. Fiveof the ninewerepurchasedfromMatheson,t!,c,remainder
fromLiquidCarbonics.
The initial run tank fill r_.nsi_tedof 5 Matheson and 2 Liquid
[ Carbonicscylinders.An additionalcyii,;derwas addedon 16 April Ig80.L
( A sampleof the rLn tankcontentswas takenon 23 May IgSOaftercompletion
of heattransferTest #107. Propanepuritywas nearnominal,95.4%.
Priorto Inltlat4ngheattransfe.-Test 0108,an additionalcylinder
!: was added, and Tests 108 through 111 were c_pleted. On 1 July 1980, a sar,,ple
l was againtakenpriorto purgingthe systemfor additionof instrumentgr,_,!e.
I
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TESTSECTIONS- COKINGSERIES :_-, '_-,_;,e_ll
( TUBEHATERIAL: HONELKSCO : _ _!!=:_._
{ TUBEDIN_NSION: .125 IN. O.O. x .015 IN, WALLx 5.97 IN, ,,._!_,',_-;*_"
i "
•--'--_" _OW -,. .
TEST: HTB6-797-107 " .-:_2_
VELOCITY,,48 FTISEC :::: .::,_PRESSURE= 1 00 P IA ....,_,_':
.- ,: ;.,t
TWALLMAX= 1220°F ':":"'_
i IN2-S ":'"
•_X = 5.8 BTU/ EC . -...--_
I PROPANEGRADE: NATURAL- . _. ,
_.__I .......'- ._.__ _-___ IILl 2__ ]J_I--T__.. _ I.....
11 .............
I TEST: HTB6-797-108VELOCITY-- 160 FT/SEC
_RESSURE= IBO0 PSIA
I TWALL MAX = 732°F :
*MAX = I0.4 BTU/IN2-SEC
PROPANEGRADE: NATURAL
1
• i _ IF-
, ........... ,....... _2=L-__,wmmmmmmnp
' i TEST: HTB6-797-112VELOCITY• 50 FTISFC
PRESSURE= 1800 PSIA
il = 1164_FTWALLMAX
i[  .Ax6,2O BTU/IN2-SEEPROPANEGRADE: INSTRUM[NT
FigureIII-22. Test Sections- CokingSeries
I 132
1981002721-14C}
) III,O, DataCorrelation(cont,)(
The analysis showed_n unusually low propane content, 87_, whileethylene and butane components were each up to 51.
On 18 July 1980, following Test 112, the run tank was sampledto-
gether with unusedcylinders of product. The results are tabulated in
i ) Table III-VII.• l
:
?
!
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TABLE III-Vll
PROPANE SAMPLE ANALYSIS
Component_Volume %
Ethane Ethylene] Propane Butane Unknown2
23 May 1980 1.32 - 95.4 3.03 0.25
(Run Tank)
1 July 1980 0.56 5.14 87.36 5.48 1.46
(Run Tank)
18 July 1980 O.lO 99.00 0.42 0.48
(Run Tank)
I
Liquid Carbonic 0.04 99.95 0.01
i InstrumentGrade,
, as received
Liquid Carbonic 1.08 5.23 90.85 2.82 0.02
} Natural Grade,
as received
1 Tentative assignment;retentiontime is consistent.
2
' Peak shape is similar to butane. One speculativeassignment
is butylene,but no standardswere available,
(
I
I 134
_i,_,
1981002721-142
i IV. TASK I - CONCLUSIONSAND RECO_ENDATIONS
I A. CONCLUSIONS
i The Task I analytic study has demonstratedthe relativecoolingcapabilitiesof methane, propane, ammonia, and RP-I. The sensi ity f
these fuels to the various operating conditionshas been determined.
L
There are three significantfactors influencingthe analysis:
I l) The assumed forced convection and nucleate boiling heat
i transfercorrelationsemployed,
%
2) The assumed coolant-sidecoking characteristicsof the fuel.
I
3) The gas-side carbon deposition,
I Each of these factors, particularlyfor methane, propane, and RP-I,
has influencedthe projected cooling ranges and should be verifiedexperi-
mentally.
The Task I experimentalstudy of the heat transfercharacter-
istics of propane had the followingunexpected results:
l) Forced convection heat transfer coefficientswere 30 to 50%
higher than predictedby the "LOX" correlationused in the
analytic study.
(
I 2) Burnout heat flux measurementswere signficantlyhigher than
had been predicted on the basis of limited low flux data.
i 3) Coolant-sidecoklng occurred at relativelylow wall
temperatures4 500°F.
o 1" 135
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I: IV, A, Concluslons (cont.) _
i The higher forced convectionand burnout flux characteristicsof
propane should show significantimprovementin the predicted operating range. _
: However, the unexpectedlow coking temperaturemay severely penalize propane
_I. in forced convectioncooling modes.
B. REC(_IMENDATIONS
Ii I. Investigatecauses of propane coking i.e. imourities
, II _ , II
catalyticeffects, etc.
: 2. Verify predictedmethane coking limits and forced convection
correlations.
F
I: 3. Investigategas-side carbon deposition for methane and propane.
,F
,Io
!
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